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The glass transition and supercooled liquid region were observed in the composition range of 4 to
56 %Co, 2 to 4 %Nd, and 18 to 30 at%B in melt-spun Fe–Co–Nd–0.5 at%Dy–B amorphous alloys.
The largest value of the supercooled liquid region defined by the difference between the glass
transition temperature (Tg) and the crystallization temperature (Tx), DTx(5Tx2Tg), was 47 K for
Fe67Co9.5Nd3Dy0.5B20 and theTg andTx are 798 and 845 K, respectively. The crystallized structure
consists of Fe3B, Nd2Fe14B, a-Fe, and remaining amorphous phases in the annealing temperature
up to about 903 K for 420 s and changes to Fe3B, Nd2Fe14B, and a-Fe phases in the higher
temperature range. The grain sizes after annealing at 903 K are about 20 nm for Fe3B, 10 nm for
Nd2Fe14B, 30 nm fora-Fe, and 5 nm for the remaining amorphous phase. The interparticle spacing
of the Nd2Fe14B phase is less than 40 nm. The maximum energy product (BH)max was obtained for
the alloy containing the residual amorphous phase subjected to annealing for 420 s at 903 K. The
magnetization at a field of 1256 kA/m, remanence, intrinsic coercive force, and (BH)max are 1.60
T, 1.36 T, 227 kA/m, and 110 kJ/m3, respectively. The hard magnetic properties are interpreted to
result from the exchange magnetic coupling among Nd2Fe14B, Fe3B, a-Fe, and remaining
amorphous phases with ferromagnetism at room temperature. The formation of the finely mixed
structure caused by the residual amorphous phase is concluded to result in the good hard magnetic
properties with (BH)max above 100 kJ/m
3 for the B-rich-type Fe–Co–Nd–Dy–B alloy. ©2001






































Recently, isotropic Fe–Nd–B-based nanocomposite h
magnetic alloys have attracted rapidly increasing interest
cause of some theoretical expectations of achieving v
high maximum energy products reaching about 300 to
kJ/m3 through an exchanging magnetic coupling mechan
which can be obtained only in the fine mixed structures w
average grain sizes of about 20 nm.1,2 The nanocomposite
structure has been obtained by crystallization of an am
phous phase and/or by controlling cooling rate during m
spinning.3,4 It is well-known that nanocomposite-type ma
nets in the Fe–Nd–B system are divided into two types
Fe-rich compositions around Fe86Nd8B6 and B-rich compo-
sitions around Fe78Nd4B18.
3,4 The structure has been reporte
to consist mainly of a-Fe1Nd2Fe14B Refs. 4, 5 and
a-Fe1Nd2Fe14B1remaining amorphous phase
6,7 for the
former type, and Fe3B, Nd2Fe14B, and a-Fe for the latter
type.3 It has been pointed out that the residual existence
amorphous phase enables us to produce the much
mixed structure which is favorable for the achievement
good hard magnetic properties even in the more Fe-rich c
position range around 90 at %Fe.6,7 However, there are no
data on the achievement of good hard magnetic propertie
the residual existence of amorphous phase in the B-
Fe–Nd–B alloys. The B-rich Fe–Nd–B amorphous allo
have some advantage points as compared with the Fe4920021-8979/2001/89(1)/492/4/$18.00
















Fe–Nd–B amorphous alloys.3,8,9 These are~1! lower Nd
contents,~2! higher glass-forming ability,~3! lower melting
points, and~4! appearance of glass transition and sup
cooled liquid region prior to crystallization. If we can find a
optimum annealing condition leading to a finer mixed stru
ture containing the remaining amorphous phase in the B-
Fe–Nd–B amorphous alloys, the resulting mixed struct
alloys are expected to exhibit improved hard magnetic pr
erties. The formation of the fine mixed structure for the
loys with the above-described advantages is very attrac
for the future development of a new type of hard magne
materials. This article is intended to present the change
the crystallized structure and magnetic properties with
nealing condition for the Fe67Co9.5Nd3Dy0.5B20 amorphous
alloy and to demonstrate the appearance of the maxim
hard magnetic properties in the fine mixed structure conta
ing a remaining amorphous phase.
II. EXPERIMENTAL PROCEDURE
A multicomponent Fe67Co9.5Nd3Dy0.5B20 alloy was ex-
amined in the present study because it had the largest su
cooled liquid region prior to crystallization in th
Fe99.52x2y2zCoxNdyDy0.5Bz system. Its master ingot wa
prepared by arc melting the mixtures of pure metals and p
boron crystal in an argon atmosphere. The alloy composi
represents the nominal composition of the mixture. An am© 2001 American Institute of Physics
































493J. Appl. Phys., Vol. 89, No. 1, 1 January 2001 Zhang, Matsushita, and Inouephous alloy ribbon with a thickness of about 0.02 mm w
prepared by a melt-spinning technique. The amorphous
crystallized structures were examined by x-ray diffracti
and high-resolution transmission electron microscopy~TEM!
operating at 200 keV linked with nanobeam electron diffra
tion. The present nanobeam diffraction pattern was ta
from the region with a diameter of about 2.4 nm. Therm
stability associated with glass transition, supercooled liq
region, and crystallization was examined at a heating rat
0.67 K/s by differential scanning calorimetry~DSC!. The
annealing treatment was made in an evacuated state for 4
at temperatures between 793 and 973 K. Magnetic prope
of magnetization, remanence, and coercive force were m
sured under an applied field of 1256 kA/m by a vibrati
sample magnetometer~VSM!. The density of the ribbon wa
determined as 7.58 Mg/m3 for Fe67Co9.5Nd3Dy0.5B20 amor-
phous alloy.
III. RESULTS AND DISCUSSION
We have already reported that the melt-sp
Fe872xCo10Nd3Bx (x512 to 40 at%! alloys have an amor
phous single phase for the alloys containing 16 to 40 at%9
Considering that the maximum B concentration in the m
spun Fe–B binary alloys is about 25 at%,10 the simultaneous
addition of Co and Nd is concluded to be very effective
the extension of the glass formation range to the B-rich s
Figure 1 shows the DSC curve of the Fe67Co9.5Nd3Dy0.5B20
alloy. As marked withTg and Tx , the glass transition and
supercooled liquid region are seen prior to crystallizati
The appearance of the supercooled liquid region indica
the possibility that the high glass-forming ability is obtain
for the alloy.
It is expected that the Fe–Co–Nd–Dy–B alloy wi
glass transition includes a Nd2Fe14B phase in a crystallized
state and the crystallized alloy exhibits hard magnetic pr
erties. Figure 2 shows the remanence (Br), intrinsic coercive
force (iH c), and maximum energy product (BH)max as a
function of annealing temperature for th
Fe87Co9.5Nd3Dy0.5B20 amorphous alloy. TheiH c increases
gradually to 227 kA/m with increasing annealing tempe
ture up to 903 K and then becomes almost constant in
higher annealing temperature range. On the other hand




















Br and (BH)max show a maximum of 1.36 T and 110 kJ/m
3,
respectively, at 903 K, and the magnetization in an app
field of 1256 kA/m (I1256) is 1.60 T. Figure 3 shows the
demagnetization-magnetic field~J–H! curves of the
Fe67Co9.5Nd3Dy0.5B20 alloy annealed for 420 s at the tem
FIG. 2. Changes in the remanence (Br), intrinsic coercive force (iH c), and
maximum energy product (BH)max with annealing temperature for the
amorphous Fe67Co9.5Nd3Dy0.5B20 alloy.
FIG. 3. Demagnetization-magnetic field~J–H! curves of the amorphous
Fe67Co9.5Nd3Dy0.5B20 alloy annealed for 420 s at the temperatures betwe
































494 J. Appl. Phys., Vol. 89, No. 1, 1 January 2001 Zhang, Matsushita, and Inoueperatures between 883 and 923 K. It is again confirmed
the best combination ofBr and iH c is obtained at 903 K.
In order to examine the reason for the significant cha
in (BH)max with annealing temperature, the crystallize
structure was examined by x-ray diffractometry and tra
mission electron microscopy. As summarized in Fig.
the x-ray diffraction patterns are identified to be an am
phous phase in the as-quenched state, amorph
1Fe3B~tetragonal!1a-Fe phases at 843 K, Fe3B
1a-Fe1Nd2Fe14B1~remaining amorphous! phases at 883
and 903 K, and Fe3B1Nd2Fe14B1a-Fe phases at 923 K
With the aim of confirming the residual existence of
amorphous phase in the optimum annealing state~for 420 s
at 903 K! where the maximum (BH)max value of 110 kJ/m
3
is obtained, high-resolution TEM image and nanobeam e
tron diffraction pattern are shown in Fig. 5~a!. The nanobeam
diffraction pattern taken from the region A with a diamet
of about 2.4 nm consists of a diffuse halo ring typical for
amorphous phase. Consequently, the structure is concl
to consist of Fe3B, Nd2Fe14B, and remaining amorphou
phases. From the TEM image, the grain size is measure
be about 20 nm for Fe3B and 10 nm for Nd2Fe14B, and the
interparticle spacing is about 5 nm between Fe3B and
Nd2Fe14B phases and about 40 nm between two Nd2Fe14B
FIG. 4. X-ray diffraction patterns of the amorphous Fe67Co9.5Nd3Dy0.5B20









phases. These interparticle spacings are short enough to
able the exchanging magnetic coupling interaction amo
these ferromagnetic phases.11,12 Figure 5~b! shows the high-
resolution TEM image of the Fe67Co9.5Nd3Dy0.5B20 alloy an-
nealed for 420 s at 923 K. It is confirmed that the resid
amorphous phase disappears at 923 K.
Finally, in comparison among the DSC curve~Fig. 1!,
the x-ray diffraction pattern~Fig. 4!, and the high-resolution
TEM image ~Fig. 5!, the first exothermic peak with high
intensity at about 850 K is due to the structure change fr
amorphous to Fe3B1a-Fe1Nd2Fe14B1remaining amor-
phous phases, and the second exothermic peak with low
tensity at about 925 K results from the change from Fe3B
1a-Fe1Nd2Fe14B1remaining amorphous to Fe3B
1Nd2Fe14B1a-Fe phases. It is thus characterized that
remaining amorphous phase is maintained in the tempera
range between the first- and the second-exothermic pe
and the maximum hard magnetic properties with (BH)max
exceeding 100 kJ/m3 are obtained in coexistence with th
remaining amorphous phase, presumably because of
maintenance of the finely mixed structure. The disappe
ance of the remaining amorphous phase leads to a signifi
grain growth of the constituent phases, even though the
ume fraction of the Nd2Fe14B phase increases. The monot
nous increase iniH c shown in Fig. 2 seems to reflect th
increase in the volume fraction of the Nd2Fe14B phase. How-
FIG. 5. High-resolution TEM image and nanobeam electron diffraction p
tern of the amorphous Fe67Co9.5Nd3Dy0.5B20 alloy annealed for 420 s at 903


























495J. Appl. Phys., Vol. 89, No. 1, 1 January 2001 Zhang, Matsushita, and Inoueever, the finely mixed structure including the Nd2Fe14B
phase rather than the slight increase in the volume fractio
the Nd2Fe14B phase is a more important factor for the op
mum hard magnetic properties with higher (BH)max in the
present nanocomposite type magnet, being consistent
the theoretical expectation.11,12
IV. SUMMARY
We have searched for a new amorphous alloy
Fe–Co–Nd–Dy–B base system where a wide superco
liquid before crystallization and good hard magnetic prop
ties with high (BH)max above 100 kJ/m
3 after crystallization
are obtained. The results obtained are summarized as
lows.
~1! The glass transition and supercooled liquid reg
prior to crystallization are observed in the quaterna
Fe–Co–Nd–0.5 at%Dy–B alloys containing 5 to 57 %Co
to 4 %Nd, and 18 to 30 %B.
~2! The largest DTx is obtained for the
Fe67Co9.5Nd3Dy0.5B20 alloy and theTg andTx are 798 K and
845 K, respectively.
~3! The crystallization of the Fe67Co9.5Nd3Dy0.5B20
amorphous alloy with the largestDTx takes place through
two exothermic peaks corresponding to the two-sta
reaction of amorphous→amorphous1Fe3B1a-Fe
1Nd2Fe14B→Fe3B1Nd2Fe14B1a-Fe.
~4! The maximum hard magnetic properties of 1.60 T
I1256, 1.36 T forBr , 227 kA/m for iH c , and 110 kJ/m









(BH)max are obtained for the alloy annealed for 420 s at 9
K. The annealed alloy consists of the mixed structure
Fe3B1Nd2Fe14B1a-Fe1remaining amorphous phases, a
their grain sizes are 20 nm for Fe3B, 10 nm for Nd2Fe14B,
and 30 nm fora-Fe; the interparticle spacing among the
crystalline phases occupied by the remaining amorph
phase is about 5 nm. The good hard magnetic properties
interpreted to result from the exchange magnetic coup
interaction among the four ferromagnetic phases
Nd2Fe14B, Fe3B, a-Fe, and remaining amorphous owing
the small interparticle spacing less than about 25 nm.
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